###### Highlights

-   We identified sex-specific pathways that influence inflammation in obesity and metabolic syndrome.

-   Women show lower concentrations of the anti-inflammatory adiponectin in the presence of metabolic syndrome.

-   In men, the presence of metabolic syndrome was associated with increased monocyte-derived circulating cytokines (mainly IL \[interleukin\]-6) and hyperresponsive circulating immune cells.

The prevalence of overweight and obesity has increased dramatically over the last few decades. In 2016, globally 39% of adults were overweight (BMI\>25 kg/m^2^) and 13% were obese (BMI\>30 kg/m^2^),^[@R1]^ while in developed countries, the percentages are often even higher. Overweight and obesity are strongly associated with atherosclerotic cardiovascular disease (CVD), diabetes mellitus, and several types of cancer.^[@R2]^ Two important mechanism that drive CVD development in obesity are metabolic dysregulation and systemic inflammation, with low-grade chronic inflammation contributing to the development of metabolic syndrome and its complications.^[@R3]^ The metabolic syndrome serves as an indicator of obesity-related metabolic dysregulation and is strongly associated with atherosclerotic CVD.^[@R4]^

There are important sex differences in the pathophysiology of atherosclerotic CVD, with sex-specific risk factors and differences in the prevalence and treatment.^[@R5]^ Differences in sex hormones and sex-specific effects of adipokines are all implicated in these differences, but knowledge on sex-specific regulation of inflammation and metabolic dysregulation in obesity is sparse.

We have previously shown that sex, age, genes, and the environment are important determinants of systemic inflammatory processes in healthy individuals.^[@R6],[@R7]^ While it is implied that the same mechanisms control inflammation in women and men with regard to CVD, this has never been systematically investigated. In this study, we investigated the impact of sex on the relation between inflammation and metabolic syndrome in overweight women and men. We further explored the role of circulating metabolites (metabolome) and circulating hormones on sex-specific effects. We specifically focused on 3 groups of inflammatory parameters: plasma adipokine and cytokine concentrations, immune cell subpopulations in the blood, and the ex vivo cytokine production capacity of circulating immune cells (such as monocytes and T cells). These distinct inflammatory phenotypes are all known to be important in the pathophysiology of CVD but are differentially regulated.^[@R8]^

Methods and Materials
=====================

Cohort and Measurements
-----------------------

Anonymized data and materials have been made publicly available at the Human Functional Genomics Project (HFGP) website and can be accessed at <https://hfgp.bbmri.nl/>. As part of the HFGP,^[@R9]^ we recruited a cohort of 302 overweight or obese individuals between 55 and 82 years of age, with a BMI \>27 kg/m^2^ at screening, of mostly Western European ancestry, termed the 300-Obesity (300-OB) cohort. Most of these participants previously took part in the Nijmegen Biomedical Study---Non-Invasive Measurements of Atherosclerosis 1.^[@R10]^ Detailed information about the cohort is available in the Methods in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508). All participants were included between the year 2014 and 2016.

All individuals filled out questionnaires, which included questions about lifestyle, environmental factors, and medication usage. If used, participants temporarily discontinued lipid-lowering therapy 4 weeks before the measurements. Blood samples were taken in the morning following an overnight fast. All women were postmenopausal and were not receiving hormonal replacement therapy. All participants received detailed printed and oral information and subsequently gave written informed consent. The study was approved by the Ethical Committee of the Radboud University (nr. 46846.091.13). Experiments were conducted according to the principles expressed in the Declaration of Helsinki.

### The Metabolic Syndrome

In our study, the metabolic syndrome is defined by the National Cholesterol Education Program ATP III criteria as the presence of any 3 of the following 5 traits.^[@R11]^

1.  Abdominal obesity, defined as a waist circumference in men ≥102 cm (40 in) and in women ≥88 cm (35 in).

2.  Serum triglycerides (TG) ≥150 mg/dL (1.7 mmol/L) or drug treatment for elevated triglycerides.

3.  Serum high-density lipoprotein cholesterol \<40 mg/dL (1 mmol/L) in men and \<50 mg/dL (1.3 mmol/L) in women or drug treatment for low high-density lipoprotein cholesterol.

4.  Blood pressure ≥130/85 mm Hg or drug treatment for elevated blood pressure.

5.  Fasting plasma glucose ≥100 mg/dL (5.6 mmol/L) or drug treatment for elevated blood glucose.

Blood glucose, triglycerides, total cholesterol, and high-density lipoprotein cholesterol were measured using standard laboratory procedures. Before measuring systolic and diastolic blood pressure, participants took 30 minutes of supine rest.

Detailed information on the measurements is available in the Methods in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508).

Circulating Mediators
---------------------

Circulating mediators (cytokines and adipokines) were measured in human EDTA plasma using ELISA.

Stimulation Experiments
-----------------------

### PBMC Stimulation Experiments

Isolation of peripheral blood mononuclear cells (PBMCs) was performed as described in Oosting et al.^[@R12]^

### Whole Blood Stimulation Experiments

A volume of 100 μL of heparin blood was added to a 48-well plate (Corning) containing 400 µL stimulus (final volume 500 µL/well) for 48 hours at 37°C and 5% CO~2~.

### ELISA Analysis

Cytokine concentrations after stimulation were measured using commercially available ELISA kits.

### Stimuli and Cytokines

Table I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508) lists the concentrations of the stimuli used. IL (interleukin)-1β, IL-6, TNF-α, and IL-1Ra were measured after 24-hour stimulation with these stimuli, and IFNγ, IL-17, and IL-22 were measured after 7 days of stimulation only for *Candida* *albicans* and *Staphylococcus* *aureus* stimulation. The choice of proinflammatory mediators was based on extensive literature linking cytokines and adipokines to inflammation and CVD complications. Stimulation of PBMCs was performed with a comprehensive set of stimuli containing both purified innate immune stimuli that are associated with chronic inflammation (eg, LPS, oxidized LDL \[low-density lipoprotein\]) and microorganism that are the source of microbial ligands that translocate in the circulation at the intestinal level.

Cell Count Data
---------------

Immune cell counts were determined in fresh whole blood EDTA samples using the Sysmex XE-5000.

Metabolomics
------------

### Untargeted Metabolomics

Blood was collected in EDTA tubes and plasma was extracted. Flow injection electrospray time-of-flight mass spectrometry was performed by General Metabolomics (1 Broadway, Cambridge, MA 02142) to identify metabolic features based on m/z. Details of the procedure can be found in Fuhrer et al.^[@R13]^ A total of 1339 m/z signals could be assigned to one or more metabolites.

### Lipidomics

A high-throughput nuclear magnetic resonance metabolomics platform (Nightingale's Biomarker Analysis Platform) was used to quantify a total of 231 lipid and metabolite measures. Most of these measures were very highly correlated to other measures from the same platform. Groups of lipoprotein particle characteristics were therefore made based on a correlation between variables of at least r\>0.75 and expert knowledge. This led to 17 groups (see Table II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)), for each group, a representative variable was selected to represent the whole group of measurements. This led to easier interpretation and less strict multiple testing correction.

Adipose Tissue Analysis
-----------------------

Subcutaneous adipose tissue biopsies were obtained under local anesthesia by needle biopsies performed 6 to 10 cm lateral to the umbilicus in the right lower quadrant, after an overnight fast. The morphometry of individual fat cells was assessed using digital image analyses as described previously.^[@R14]^ For each participant, the adipocyte cell diameters of all adipocytes in 4 microscopic fields of view were counted and measured. To detect macrophages, adipose tissue sections were incubated with a CD68-monoclonal antibody (Serotec, Oxford, United Kingdom). The percentage of macrophages was expressed as the total number of macrophages divided by the total number of adipocytes counted in 15 random microscopic fields of view. A crown-like structure was defined as an adipocyte surrounded by at least 3 macrophages.^[@R15]^ To robustly quantify adipose tissue inflammation among study participants using histology, several parameters were assessed and combined into an adipose tissue inflammation score, as the phenotype by which inflammation in the adipose tissue presents is quite heterogenous.^[@R16],[@R17]^ This assessment led to a score including the following parameters: a mean adipocyte diameter above the average diameter of the cohort (\>51.7 µm \[mean diameters in the 300-OB\] cohort) was defined as one point in the adipose tissue inflammation score (AT score), the percentage of macrophages above the average of the cohort (\>12.6% \[mean in the 300-OB cohort\]) was defined as one point in the AT score and the presence of crown-like structures was defined as one point in the AT score. Hence, the adipose tissue inflammation score ranged from 0 (no inflammation) to 3 (severely inflamed).

Quantification and Statistical Analysis
---------------------------------------

### Data and Software Availability

The R code (via R programming language^[@R18]^) used for the analyses will be made available upon request. Multiple testing correction was performed using the Benjamini-Hochberg false discovery rate (FDR) procedure.^[@R19]^

For the metabolic pathway analysis, we used an adaptation (Fast Gene Set Enrichment Analysis^[@R20]^) of Gene Set Enrichment Analysis.^[@R21]^ The pathways provided by the KEGG pathway database^[@R22]^ were used for enrichment analysis. Interesting pathways were visualized using Pathview.^[@R23]^

For details on the statistical analysis, see Methods in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508).

Results
=======

300-OB Cohort
-------------

Figure [1](#F1){ref-type="fig"} provides an overview of the clinical characteristics of the cohort, separated by sex: 55% are men and 45% are women, with a similar BMI distribution in both sexes (Figure [1](#F1){ref-type="fig"}B and Table X in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). Metabolic syndrome is defined as having 3 out of 5 cardiovascular risk factors mentioned in Figure [1](#F1){ref-type="fig"}E through [1](#F1){ref-type="fig"}I.^[@R11]^ The prevalence of metabolic syndrome was 54.8% in women and 53.9% in men (Figure [1](#F1){ref-type="fig"}C), and a larger percentage of women had abdominal obesity and low high-density lipoprotein cholesterol (Figure [1](#F1){ref-type="fig"}G and [1](#F1){ref-type="fig"}H). Some individuals also had other obesity-related comorbidities (Figure [1](#F1){ref-type="fig"}D).

![**Characteristics of the 300-OB cohort.** **A**, Overview of some of the parameters measured in the 300-OB cohort. Each outlined square indicates a different data type and schematically describes the different measurements. circ. markers, circulating markers of inflammation. **B**, Baseline characteristics, also split by sex. **C**, Percentage of individuals with the metabolic Syndrome as defined by the National Cholesterol Education Program (NCEP)-ATP III criteria. Left: overall percentage, right: subdivided into women and men. Yellow: people with the condition, green: people without the condition. **D**, Percentage of individuals with other conditions. **E--I**, Percentage of individuals with each of the 5 criteria used in defining metabolic syndrome, displayed in a similar style to (**C**): purple indicates people on medication for the condition (**E**) high blood pressure, (**F**) high glucose, (**G**) abdominal obesity, (**H**) low HDL cholesterol (HDL-c), (**I**) high triglycerides \**P* value ≤0.05 calculated using χ2 test. \*\*\**P* value ≤0.005.](atv-40-1787-g001){#F1}

Association Between Markers of Inflammation in Overweight/Obese Individuals
---------------------------------------------------------------------------

The sex-specific values of circulating inflammatory markers and adipokines are depicted in Figure [2](#F2){ref-type="fig"}A. We previously reported the effects of age and sex on inflammation in a healthy cohort^[@R7]^ (n=489; age, 27.4±12.5 years; BMI, 22.7±2.7 kg/m^2^). Overall, in the present study, we observed similar effects of age (Figure [2](#F2){ref-type="fig"}B; Table III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)), that is, IL (interleukin)-6 and IL-18BP circulating concentrations increase with age. In addition, we observed an effect of sex on various parameters; higher levels of hsCRP (high-sensitive CRP), leptin, and adiponectin were seen in women (Figure [2](#F2){ref-type="fig"}B).

![**Associations of various immune and host parameters in the 300-OB cohort.** **A**, Mean and SDs of several circulating inflammatory markers for women and men. **B**, *P* values of associations between age and sex with markers of inflammation\* (BH-false discovery rate \[FDR\] multiple testing corrected). **C**, *P* values of associations between markers of inflammation, corrected for age, sex, and season (BH-FDR multiple testing corrected). **D**, Example association between IL (interleukin)-6 and leptin. **E**, *P* values of associations between age and sex with immune cell counts\* (BH-FDR multiple testing corrected). **F**, *P* values of associations between immune cell numbers and circulating markers of inflammation, corrected for age, sex, and season (BH-FDR multiple testing corrected). Note: all *P* values were calculated using linear regression and testing the null hypothesis that β=0 for relationship between x and y, where x and y are the parameters of interest. The data in the example plots (**D**) were corrected for age, sex, and season and transformed using IRT (see section Methods). \*Associations with age corrected for sex and season, associations with sex corrected for age and season.](atv-40-1787-g002){#F2}

To better understand the regulation of inflammation in obesity, we evaluated the association between different markers of inflammation using FDR corrected *P* values based on linear regression models. Age, sex, and season were added as co-factors, as they are known to have an influence on the immune system.^[@R7]^ Most markers of inflammation show positive associations with one another, specifically IL-6, IL-18, IL-18BP, hsCRP, VEGF, and leptin (Figure [2](#F2){ref-type="fig"}C; Table IV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). IL-6 concentrations show particularly strong associations with leptin (Figure [2](#F2){ref-type="fig"}D, adjusted β=0.31) and hsCRP (adjusted β=0.53), which is in line with previous studies.^[@R24],[@R25]^ We observed a negative association of adiponectin with several inflammatory markers (Figure [2](#F2){ref-type="fig"}C), in line with its known anti-inflammatory properties and its decrease with increasing BMI.^[@R26]^ Associations of these markers of inflammation are mostly the same between women and men (Table V in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)).

In addition to circulating inflammatory markers, we also measured immune cell populations. Absolute numbers of neutrophils and monocytes increase with age, and men generally have higher numbers of neutrophils, eosinophils, and especially monocytes (Figure [2](#F2){ref-type="fig"}E; Table VII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)), in line with previous findings.^[@R26],[@R27]^

We found strong associations between most inflammatory markers and the number of leukocytes, neutrophils, and monocytes, most of them positive (Figure [2](#F2){ref-type="fig"}F; Table VII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)).

The Impact of Sex on Metabolic Syndrome and Inflammation
--------------------------------------------------------

The presence of metabolic syndrome was positively associated with several inflammatory markers IL-6, IL-18, IL-IL-18BP, hsCRP, leptin, and VEGF (Figure [3](#F3){ref-type="fig"}A; Table VIII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). Importantly, IL-6 and leptin show profound sex-specific effects: only in men, these are higher in the presence of the metabolic syndrome, whereas in women, there is no association with the metabolic syndrome (Figure [3](#F3){ref-type="fig"}A, 3B, 3E, and 3F). Similar trends are observed for hsCRP and IL-18, although the interaction between sex and metabolic syndrome was not significant when testing based on a linear regression model with an interaction term (Figure [3](#F3){ref-type="fig"}A and [3](#F3){ref-type="fig"}B; Table VIII and IX in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). In contrast to the proinflammatory mediators, the anti-inflammatory adiponectin was lower in individuals with metabolic syndrome. Interestingly, this effect was significantly stronger in women compared with men, as opposed to IL-6 and leptin (Figure [3](#F3){ref-type="fig"}A, 3B, and 3G). To validate this finding, we measured adiponectin levels in a subset of the Nijmegen Biomedical Study---Non-Invasive Measurements of Atherosclerosis 1 cohort^[@R28]^ of 441 participants, filtering for a BMI\>27 kg/m^2^. The individuals in this cohort were on average 4.4 years younger than the 300-OB cohort (2.8 years younger on average for men and 6.0 years for women). In this cohort, 33% of the subjects suffered from the metabolic syndrome (Additional details can be found in Table X in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). We were able to confirm the same pattern of a lower concentration of adiponectin in women with the metabolic syndrome but not in men (Figure [3](#F3){ref-type="fig"}H).

![**The effect of metabolic syndrome (MetS) on immune parameters.** **A**, Significance of the difference in levels of several inflammatory markers between individuals with and without MetS. Red indicates that the marker is significantly higher in individuals with metabolic syndrome and blue means it is higher in those without. The first column is for all individuals, and the second and third are for women and men, respectively (false discovery rate \[FDR\] corrected per column). **B**, Significance of the interaction effect between sex and metabolic syndrome. Red indicates that the increase of women with metabolic syndrome vs those without was significantly lower than men with metabolic syndrome vs those without, that is, red means men show a stronger increase than women or women show a stronger decrease than men. **C**, Interaction effects for each individual medical condition used to score metabolic syndrome with sex. Each individual is scored as either having the condition or not, and interaction effects are calculated in a similar way as in (**B**). Similarly, red means men show a stronger increase than women, or women show a stronger decrease than men; blue means the opposite. The left part shows the *P* values not corrected for multiple testing, and the right part shows the FDR-corrected *P* values. **D**, Same as (**A**), but for cell counts. **E--H**, Example plots split into women and men with and without metabolic syndrome. **E**, IL-6, (**F**) leptin, (**G**) adiponectin. **H**, Similar to (**G**), but for the validation cohort. **I**, Plot showing Spearman correlations between leptin and IL-6 for the 4 categories: men with MetS, men without MetS, women with MetS, and women without MetS. Note: *P* values in (**A** and **D**) were calculated using linear regression by testing the null hypothesis that β=0 for relationship between metabolic syndrome status (independent variable) and a continuous parameter (dependent variable), see Methods for details. The interaction effects of (**B** and **C**) were calculated using linear regression, with the null hypothesis that β=0 for the interaction effect between sex and metabolic syndrome status (independent variable) and a continuous parameter (dependent variable).](atv-40-1787-g003){#F3}

In addition, as inflammation originating from the adipose tissue is one of the main driving forces for systemic low-grade inflammation present in obesity,^[@R29]^ we examined the possible existence of sex-specific differences in the relation between circulating leptin, adiponectin, and adipose tissue inflammation. We calculated AT scores for the 300-OB cohort based on fat tissue taken from the abdominal subcutaneous fat depot. After adjustment for age, pack years, and season,^[@R7]^ AT scores showed significant association with circulating levels of leptin and IL-6 in men but not women (standardized β~men~=0.22, *P*~men~\<0.001, *P*~interaction_sex:leptin~=0.02 for leptin; β~men~=0.25, *P*~men~\<0.001, *P*~interaction_sex:IL6~=0.07 for IL-6), while in women AT scores were more strongly negatively associated with circulating adiponectin (standardized β~women~=−0.28; *P*~women~\<0.0001). This provides further evidence of sex-specific regulation of systemic low-grade inflammation.

As IL-6 and leptin concentrations are correlated, and the concentrations of these markers are elevated specifically in men with metabolic syndrome, we assessed the strength of this correlation separately by sex and presence/absence of metabolic syndrome. We observed that leptin and IL-6 are only correlated in men but not in women, and most strongly in men without metabolic syndrome (Figure [3](#F3){ref-type="fig"}I).

The 5 factors (Figure [1](#F1){ref-type="fig"}E through [1](#F1){ref-type="fig"}I) that define metabolic syndrome might not have an equal contribution to the sex-specific effects described in the previous paragraphs. We therefore evaluated each of these factors separately, using the cut-off levels as defined by National Cholesterol Education Program ATP-III criteria (see Methods). Having high versus normal triglycerides levels seems to be the most important parameter in explaining the sex-specific effects of metabolic syndrome on both IL-6 in men and adiponectin in women (Figure [3](#F3){ref-type="fig"}D, compared with Figure [3](#F3){ref-type="fig"}B). The sex-specific changes in leptin with metabolic syndrome cannot be explained by any single parameter, and the full definition of metabolic syndrome is needed to explain that effect.

We also observed changes in the number of immune cell subtypes in individuals with metabolic syndrome: specifically, total leukocytes, lymphocytes, and monocytes numbers are higher in individuals with metabolic syndrome (Figure [3](#F3){ref-type="fig"}E). Importantly, these changes in both absolute amounts of cell subtypes with metabolic syndrome are not sex-dependent (Table XI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)).

Differential Regulation of Cytokine Production Capacity in Women and Men
------------------------------------------------------------------------

Cytokine production capacity of PBMCs, as an indicator of the intrinsic inflammatory responsiveness, has previously been linked to the presence of atherosclerosis.^[@R30],[@R31]^ Production of the proinflammatory cytokines IL-1β and IL-6 and the anti-inflammatory cytokine IL-1Ra show associations with circulating levels of IL-6 and hsCRP (Figure I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). Interestingly, in line with higher inflammatory markers in men with metabolic syndrome, there is a strong trend toward higher monocyte-derived inflammatory cytokine production capacity specifically in men, but not women, with metabolic syndrome (Figure [4](#F4){ref-type="fig"}A, left, Figure 4B, Tables XII and XIII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). This effect does not seem to be limited to a single PBMC stimulation, and is most apparent for the cytokines IL-6 and IL-1β, and less so for TNF-α. Again, high triglycerides is the main factor of metabolic syndrome showing sex-specific effects, with only men with high triglycerides showing increased levels of cytokine production capacity (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}C; Figure II and Table XIV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). There were no differences in the cytokine production capacity of IL-1Ra and the lymphocyte derived cytokines IL-22, IL-17, and IFNγ between women or men with or without metabolic syndrome (data not shown).

![**A, Left, same as (A) but for IL (interleukin)-6, IL-1β, and TNFα production in peripheral blood mononuclear cells (PBMCs) after different stimulations.** Middle, similar to the heatmap on the left but for high triglycerides instead of metabolic syndrome (right) similar to (**D**) but solely plotted for high triglycerides (false discovery rate \[FDR\] corrected). The arrows mark those cytokines after stimulation that show a significantly stronger increase in men than in women. Note: if men show a nonsignificant difference between men with and without MetS and women also show a nonsignificant difference, the increase in men show with getting MetS can still be significantly different from the change that women show. **B**, Example plot showing the effect of metabolic syndrome and sex on IL-6 production in response to *Candida* *albicans* stimulation. **C**, Example plot showing the effect of having high triglycerides and sex on IL-6 production in response to *C* *albicans* stimulation. Note: *P* values were calculated in a similar fashion as for Figure [3](#F3){ref-type="fig"}.](atv-40-1787-g004){#F4}

Changes in the Metabolome of Individuals With Metabolic Syndrome
----------------------------------------------------------------

Metabolic dysregulation and systemic inflammation are important mechanisms that drive CVD development in obesity. To further explore whether the composition of circulating lipoproteins could contribute to the sex-specific association of the metabolic syndrome with IL-6, leptin, adiponectin, and cytokine production capacity, we measured lipoprotein subclasses, lipoprotein particles sizes, apolipoproteins and lipoprotein content using the Nightingale platform (Table II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). A principle component analysis shows separation between both women and men and between individuals with and without metabolic syndrome (Figure [5](#F5){ref-type="fig"}A). The principle component analysis and a linear regression analysis show that women have larger concentrations of HDL particles, HDL triglycerides, ApoA1, and cholesterol (Figure [5](#F5){ref-type="fig"}B and Table XV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)), and many lipoproteins have altered composition and concentration in subjects with metabolic syndrome, for example, decreases in HDL particles and increases in LDL particles, with an increase in triglycerides (Figure [5](#F5){ref-type="fig"}C, left). Women and men show the same patterns of change when comparing individuals with and without metabolic syndrome (Figure [5](#F5){ref-type="fig"}C, right).

![**A, Principle component analysis (PCA) plot of PC1 vs PC2 for the lipidomics data.** **B**, Lipid groups that are significantly different between women and men. Blue indicates higher levels in women. **C**, Left, significance (false discovery rate \[FDR\]-corrected *P* values) of the difference of lipid concentrations between individuals with or without metabolic syndrome. Calculated for the whole 300-OB cohort and calculated for women a women separately. Right, FDR-corrected *P* values for the interaction effect between metabolic syndrome and sex in predicting the lipids, that is, showing if the increase/decrease of these lipids seen in metabolic syndrome is the same in women and men. **D**, PCA plot of the metabolomics data after inverse rank transformation and standardization. The first 2 PCs are plotted, and the samples are split into 4 groups: women without metabolic syndrome ("Female_NoMetS"), women with metabolic syndrome ("Female_YesMetS"), men without metabolic syndrome ("Male_NoMetS"), men with metabolic syndrome ("Female_YesMetS"). PC2 shows some separation between women and men. **E**, Significance of sex differences for the 7 metabolites from the valine, leucine, and isoleucine biosynthesis that showed significant association with metabolic syndrome. Several of these metabolites also show clear differences between women and men. **F**, Significance (FDR-corrected *P* values) of the difference in hormone concentrations between individuals with or without metabolic syndrome. Note: *P* values in (**B**) and (**E**) were calculated using linear regression by testing the null hypothesis that β=0 for relationship between sex (independent variable) and a continuous parameter (dependent variable), see Methods for details. *P* values in (**C** \[left\]) and (**F**) were calculated using linear regression by testing the null hypothesis that β=0 for relationship between metabolic syndrome status (independent variable) and a continuous parameter (dependent variable), see Methods for details. The interaction effect of (C \[right\]) was calculated using linear regression, with the null hypothesis that β=0 for the interaction effect between sex and metabolic syndrome status (independent variable) and a continuous parameter (dependent variable). C indicates total cholesterol; CE, cholesterol esters; D, mean diameter; FC, free cholesterol; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; L, large; L, total lipids; LDL, low-density lipoprotein; M, medium; P, concentration of particles; PL, phospholipids; S, small; Serum-C, serum cholesterol; TG, triglyceride; VLDL, very-low-density lipoprotein; XL, very large; and XS, extremely small.](atv-40-1787-g005){#F5}

To further explore metabolic changes associated with the metabolic syndrome beyond lipidomics, we used untargeted metabolomics assay that detected 1339 metabolite signals. We evaluated the association of metabolic syndrome with these metabolites. First, we applied principle component analysis to these data to see if metabolic syndrome and/or sex impact on the variation of this data. PC2 shows a clear separation between women and men (Figure [5](#F5){ref-type="fig"}D). However, using these untargeted analyses, no large differences between individuals with and without metabolic syndrome can be observed. Nonetheless, using a regression model, we found many metabolites that were associated with metabolic syndrome. The associations for all metabolite hits with metabolic syndrome are listed in Table XVI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508). The top pathway found in a pathway analysis was valine, leucine, and isoleucine biosynthesis though it did not reach statistical significance after multiple testing correction (Table XVII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). It is interesting to note that 5 out of the 7 metabolites of the "valine, leucine and isoleucine biosynthesis" pathway that are significantly associated with metabolic syndrome, also show significantly different levels between women and men (Figure [5](#F5){ref-type="fig"}E; Table XVIII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). However, these metabolites did not show a sex-specific association with metabolic syndrome (Figure [5](#F5){ref-type="fig"}E).

Hormonal Changes Do Not Explain Sex Differences
-----------------------------------------------

The cause of the differences in inflammatory profiles between women and men with metabolic syndrome is not yet known, but one hypothesis is that it might involve differential homeostasis of sex hormones. To evaluate the potential role of sex hormones in the metabolic syndrome we measured baseline levels of several steroid hormones: testosterone, androstenedione, cortisol, 11-deoxycortisol, and 17-hydroxyprogesterone (Table XIX in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)). We found no significant difference in hormone levels associated with the metabolic syndrome in both women and men (Figure [5](#F5){ref-type="fig"}F).

Plasma Metabolome Effects on Inflammatory Markers
-------------------------------------------------

To explore whether circulating metabolites influence inflammatory parameters and account for the sex-differences in inflammation in relation to metabolic syndrome, we evaluated the relationship between metabolites and inflammation. We see the strongest associations for adiponectin and IL-18BP, but hsCRP, resistin, and IL-6 also show many associations with metabolites (Figure [6](#F6){ref-type="fig"}A; Table XX in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)).

![**Metabolic comparison between normal weight and overweight individuals.** **A**, Visualization of the top 5% of metabolites (lowest *P* values) associated with each of the circulating markers of inflammation to give an impression of the number of significant metabolites. For each marker, the false discovery rate (FDR)-corrected *P* values were sorted independently to show the relative number of significant metabolites for each marker. **B**, Top 10 metabolic pathways associated with circulating markers of inflammation in the 300-OB cohort. See Methods for details. **C**, Example pathway plot of Central Carbon Metabolism in Cancer for VEGF in the 300-OB cohort. Significance is indicated as −log10 (*P* values), any *P* value below *P*=1×10^−4^ is rounded up to 1×10^−4^ for this visualization. Red indicates a positive association, blue indicates a negative association, and white indicates that the metabolite was not present in our data. Visualization was performed using Pathview.^[@R23]^ The portion of the figure showing the TCA cycle is shown as a zoomed-up inset.](atv-40-1787-g006){#F6}

The results for the top 10 pathways that correlate with inflammatory markers are displayed in Figure [6](#F6){ref-type="fig"}B. Pathway analysis was performed using an adapted version of Gene Set Enrichment Analysis.^[@R21]^ The central carbon metabolism in cancer pathway is particularly interesting as an important part of it is the TCA cycle, which in the last years has been shown to have a strong impact on inflammation and the function of immune cells.^[@R32],[@R33]^ However, although we identified important correlations between metabolites and inflammation, these associations were not sex-specific and could not explain the sex-differences in inflammatory markers in individuals with metabolic syndrome (Table XXI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)).

Discussion
==========

In this study, we aimed to understand the various regulatory layers of the adverse immunometabolic effects of overweight and obesity, and in particular which parts of that regulation differ between women and men. Therefore, we characterized in detail a cohort of 302 individuals (approximately equally distributed between women and men, with or without metabolic syndrome) with overweight and obesity in terms of circulating inflammatory markers, immune cell counts, immune cell responsiveness, circulating metabolomics/lipidomics, and histological analysis of subcutaneous fat biopsies. The most important finding was that there is a sex-specific association of metabolic syndrome with various inflammatory parameters: metabolic syndrome is associated with lower circulating concentrations of the anti-inflammatory adiponectin, whereas only in men the presence of metabolic syndrome is associated with increased monocyte-derived circulating cytokines (mainly IL-6), and increased leptin. For adiponectin, these sex-specific associations were validated in an independent cohort. Adipose tissue inflammation is a central feature of metabolic syndrome, and we found that adipose tissue inflammation was positively associated with circulating leptin and IL-6 only in men, while in women adiponectin was negatively associated with the AT score. In addition, metabolic syndrome was associated with hyperresponsive circulating immune cells only in men. This suggests that the role of inflammation and the immune system in the adverse cardiometabolic consequences of obesity is different in women and men. Further analyses revealed sex-specific differences circulating metabolites, lipoprotein composition, and hormones, but these differences did not explain the differential association of inflammatory markers with metabolic syndrome between women and men. These findings call for a sex-specific approach with regard to inflammation as a pharmacological target to prevent CVD in obese individuals and for further research to unravel the mechanisms that drive the sex-specific differences.

The metabolic syndrome serves as an indicator of metabolic dysregulation, is strongly associated with the development of atherosclerotic CVD,^[@R5]^ and is often accompanied by a chronic low-grade inflammation.^[@R34]^ Differences in a selection of inflammatory parameters between women and men that have metabolic syndrome have been reported previously in small studies. Sarbijani et al^[@R35]^ showed in a group of 40 subjects that men with metabolic syndrome have higher IL-6 levels than those without, though it should be noted that for women and men the characteristics of the case and control groups were different in this study. Ahonen et al^[@R36]^ showed that absolute differences in adiponectin in individuals with and without the metabolic syndrome were larger in women than men, although the significance of this difference was not reported. However, a systematic overview of the differences between women and men with metabolic syndrome is still lacking. The strength of our current study is that it provides a more comprehensive description of the sex-specific associations of metabolic syndrome with circulating inflammatory markers and immune cell phenotype. Additionally, we strengthened these findings by studying adipose tissue inflammation and an independent cohort and explored potential underlying mechanisms. One of the most important observations of our study is the difference in the dysregulation of inflammation between women and men: in women, the presence of metabolic syndrome is characterized by a lack of the anti-inflammatory adipokine adiponectin, while in men it presents as an excess of proinflammatory mediators such as IL-6 and leptin. Interestingly, IL-6 and leptin are only correlated in men, further suggesting a differential regulation of these inflammatory markers in women. We were able to validate the sex specific associations of adiponectin levels in women and men with metabolic syndrome in an independent cohort. These different inflammatory phenotypes in women and men with metabolic syndrome can have important therapeutic consequences, suggesting sex-specific approaches.

In addition to systemic inflammation, there is accumulating evidence that the phenotype of circulating immune cells contributes to adverse cardiometabolic effects. We and others have recently reported that circulating monocytes have an enhanced cytokine production capacity in patients with risk factors for atherosclerosis, including familial hypercholesterolemia and elevated lipoprotein (a),^[@R37],[@R38]^ and in patients with established coronary atherosclerosis.^[@R30],[@R31]^ Interestingly, in the 300-OB cohort, a similar hyperresponsiveness of circulating PBMCs was present in men with metabolic syndrome compared with men without metabolic syndrome, whereas in women, these differences were not observed. In men, the presence of metabolic syndrome was associated with a higher production of IL-1β and IL-6 after stimulation with a wide range of inflammatory stimuli. This might well be related to the observation that circulating IL-6 is higher in men with metabolic syndrome as IL-6 is associated with ex vivo production of IL-1β and IL-6 in response to several stimuli (Figure IA in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)).

To gain insight into the mechanism responsible for the sex-specific association of metabolic syndrome with adipokines, and inflammatory parameters, we first studied the association between adipose tissue inflammation and circulating adipokine and cytokine levels. Leptin and adiponectin are both produced in adipose tissue. Leptin is at the interface between metabolism and inflammation in fat tissue; leptin production by the adipose tissue facilitates the secretion of proinflammatory cytokines, and these, in turn, promote the release of leptin from adipocytes.^[@R39]^ Adipose tissue inflammation is a well-known feature of metabolic syndrome. Of great interest, we were able to demonstrate a positive association of adipose tissue inflammation with leptin and IL-6 specifically in men and a negative association of adipose tissue inflammation with adiponectin in women. However, the causality between adipose tissue inflammation and these circulating adipokines and cytokines needs to be further established. We hypothesize that the increased adipose tissue inflammation associated with metabolic syndrome in men results in peripheral leptin resistance, which in turn leads to increased leptin levels and also impacts other inflammatory parameters. Conversely, in women, the increased adipose tissue inflammation limits adiponectin production. It is important to realize that the adipose tissue biopsy was obtained from the abdominal subcutaneous fat depot in both sexes, while men and women are known to have a difference in (abdominal) fat distribution: with the same BMI, men have on average a higher ratio of visceral/subcutaneous adipose tissue compared with women.^[@R40]^ This difference might impact on systemic inflammation and needs to be included in future analyses.

Additionally, to gain more insight into what specific features of the metabolic syndrome drive the observed associations with circulating adipokines and cytokines, we individually evaluated the 5 parameters defining metabolic syndrome. We showed that circulating triglycerides concentration seem to be the most important condition driving the sex-specific association. In women with high TGs, adiponectin levels are lower, whereas in men with high TGs, plasma IL6 is higher. In addition, also the augmented cytokine production capacity of PBMCs in men with metabolic syndrome is mainly dependent on the presence of high TGs. Further lipidomic analyses showed that this differential effect is not because of sex-differences in the composition of circulating lipoproteins. Following high-fat loads, circulating triglycerides are associated with circulating cytokine levels such as IL-6 and with activation of circulating innate immune cells.^[@R41],[@R42]^ However, it is currently unclear why triglycerides are associated with higher IL-6 and higher cytokine production capacity only in men.

As has been shown previously that for example testosterone can have immunomodulatory effect,^[@R43]^ we tested the hypothesis that circulating hormones contribute to the observed sex-specific differences in inflammatory parameters by measuring the serum concentrations of 5 circulating steroid hormones, of which 4 show strong differential concentrations in men and women, including 17-OH-progesteron and testosterone. For these hormones, we did not observe any differential association with triglycerides or the metabolic syndrome nor an association with circulating cytokines and cytokine-production capacity that could explain our findings. It is important to realize that we were only able to test a selection of hormones and that we cannot exclude effects of progesterone or estrogens. Also, though changes in sex hormones with the metabolic syndrome do not explain the observed sex differences, contrasting baseline levels of steroid hormones between women and men might still play a role these differences (Table XIX in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314508)).

Following these observations of a differential association of adipokines, inflammatory markers, and immune cell responsiveness, we further explored the role of other circulating metabolites that might play a role in metabolic syndrome. Metabolites are the end point of many biological processes, and the metabolome thereby provides a snap-shot of the current physiological state. We observed strong differences between women and men in circulating metabolites. In our study, the valine, leucine, and isoleucine biosynthesis pathway was associated with the presence of metabolic syndrome and is likely to be the most biologically relevant in terms of association with inflammatory parameters. This pathway has previously linked to metabolic syndrome, poor metabolic health, insulin resistance, and type II diabetes mellitus.^[@R44],[@R45]^ However, women and men showed the same associations between these metabolite concentrations and metabolic syndrome. Lipid profiles of women and men with metabolic syndrome showed similar patterns: while levels of most lipid markers were different between women and men, and these levels changed with metabolic syndrome, these changes were the same in women and men. This suggests that even though metabolites play an important role in metabolic syndrome, this role is similar in both sexes.

There are several limitations to the current study. First, this is an observational study, and although we validated some of the major findings in an independent cohort, our data do not provide information about causality and mechanisms. Second, all individuals in the 2 cohorts studied here were of Western European descent, and it is difficult to extrapolate these data to other populations. Third, we used metabolic syndrome as indicator of cardiometabolic dysregulation. It is important to realize that there are various definitions for metabolic syndrome and this syndrome is heterogeneous. To optimize external validation, we used the most frequently used definition of the National Cholesterol Education Program ATP III. In addition, we performed all analyses separately for the various components of the metabolic syndrome, indicating triglycerides as major factor that contributes to the sex-specific differences. Finally, we have only studied a selection of circulating hormones and cannot exclude modulating effects of unmeasured hormones as an explanation of our findings.

In conclusion, in this first study, we comprehensively analyzed the regulation of inflammation in overweight individuals, and we showed that there is as strong sex-dependent association of metabolic syndrome with circulating markers of inflammation. Importantly, we demonstrate that inflammatory dysregulation in women and men with obesity and metabolic syndrome is mediated by different mechanisms, which relate to adipose tissue inflammation. Women show defective anti-inflammatory mechanisms (adiponectin), whereas men have higher concentrations of proinflammatory mediators (leptin, IL-6) and their myeloid cells show a hyperresponsive phenotype. These findings strongly argue for more in vitro and in vivo studies aimed at unraveling mechanisms that underlie this sex-specific inflammatory regulation. Moreover, these findings suggest that women and men might benefit from a differential sex-specific anti-inflammatory pharmacological intervention to prevent the adverse cardiometabolic effects of obesity.
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